trial fibrillation (AF) is one of the most common arrhythmias, but is still difficult to treat because of its complicated electrophysiological and pathological properties. 1 AF itself causes electrical and structural changes, which are called electrical and structural remodeling, and these changes are favorable for the maintenance of AF. [2] [3] [4] [5] [6] Previous studies have shown that structural abnormalities can induce conduction heterogeneity, which promotes local reentry and leads to the development of AF. 2, 4, [6] [7] [8] Furthermore, some studies have demonstrated that although the electrical changes induced by AF rapidly recover after conversion to sinus rhythm (SR), the structural abnormalities persist and are vulnerable to AF induction. 4, 9 We previously reported that an angiotensin II type 1 receptor blocker (ARB) can help prevent the promotion of AF by suppressing the development of an arrhythmogenic structural substrate. 10 However, the reverse-remodeling effect of ARB on existing AF-induced structural changes after the termination of AF is unclear. The purpose of this study was to investigate whether ARB therapy can help to reverse AFinduced structural remodeling and suppress AF after SR is restored in a canine atrial pacing model.
blood gases were adjusted to a pH of between 7.35 and 7.45 during ventilation. The surface ECG lead II, intracardiac electrograms and blood pressure were continuously monitored and recorded during the experiment. The pulmonary capillary wedge pressure, the pulmonary artery pressure and the right atrial pressure were measured using a Swan-Ganz catheter.
Atrial effective refractory periods (AERPs) at 4 sites were measured at 3 basic cycle lengths (BCLs) (200, 300, 400 ms). Five basic drive stimuli were followed by a single premature stimulus, and all stimuli were twice the diastolic threshold. The S1-S2 interval was increased in steps of 2 ms, and AERP was determined to be the shortest S1-S2 interval that resulted in a propagated atrial response. AERP dispersion was measured as the difference between the maximum and minimum AERP among 4 sites. Intra-atrial conduction times (CT) from the RAA to the other 3 sites (high lateral, low lateral and anterior wall) were measured during appendage pacing at each BCL, and CT dispersion was also measured among 3 CTs.
AF was defined as a rapid, irregular atrial rhythm with varying atrial electrogram morphology. The inducibility of AF was assessed by premature atrial stimulation during AERP measurement and atrial burst pacing (10 Hz for 1-10 s). To estimate the mean AF duration, AF was induced 10 times if the AF duration was <15 min and 5 times if AF lasted between 15 and 30 min. AF >15 min was considered sustained. If induced AF persisted >30 min, electrical cardioversion was performed. When electrocardioversion was applied, AF induction was repeated after a 15-min rest period.
Electrophysiological Study After Rapid Atrial Pacing After the measurement of baseline electrophysiological and hemodynamic parameters, programmed atrial pacing was started at 400 beats/min using 2-ms pulses at twice the threshold current and this was continued for 4 weeks in both the control and olmesartan groups. The tachy-pacing generator was turned off every 2 weeks to allow for repeated assessment by an electrophysiological study. After 4 weeks of rapid atrial pacing, the same electrophysiological protocol was performed every 2 weeks during the 4-week recovery period.
Histology At the end of the experiments, the heart was quickly removed and weighed. To investigate the influence of rapid pacing on pathological properties, the atrial tissues of 5 sham dogs without rapid atrial pacing were observed at the same time. The tissues of the left and right atrial free wall and appendages were cut into small blocks approximately 10×5 mm and immersed in 10% phosphate-buffered formalin for 24 h. After dehydration, each section was cut into 4-m thick slices. Deparaffinized sections were stained with hematoxylin-eosin and Masson's trichrome. Microscopic images were scanned into a personal computer with Photoshop and the image files were analyzed with NIH software. Connective tissue was differentiated on the basis of its color and expressed as a percentage of the reference tissue area. These analyses were performed by a pathologist who was unaware of the treatment.
Statistical Analysis
All of the data analyses were performed using Statistical Analysis System (SAS) Software Package (Ver.9.1, SAS Institute Inc, Cary, NC, USA) at Fukuoka University (Fukuoka, Japan). Changes in continuous variables in each group during the study period were examined by a repeated measures analysis of variance (ANOVA). Differences in continuous variables between 2 groups during the study were examined by ANOVA. Differences in continuous variables among the control, sham, and olmesartan groups were examined by ANOVA and the multiple comparison test of Scheffe. All values are expressed as mean ± mean standard error. Significance was considered to be less than 0.05 unless indicated otherwise.
Results

Hemodynamic Changes
Hemodynamic data are shown in Table 1 . There were no significant differences in the blood pressure, pulmonary capillary wedge pressure, mean pulmonary artery pressure, and mean right atrial pressure between the control and olmesartan groups throughout the experiment.
Changes in Electrophysiological Properties
In both the control and olmesartan groups, AERP shortening was observed after 2 weeks of rapid pacing, and continued during pacing (Fig 1) . The degree of AERP shortening produced by 4 weeks of pacing was not significantly different between the 2 groups (Fig 1) . The shortened AERP completely recovered to the baseline value in 2 weeks after rapid pacing was terminated in both groups (Fig 1) . The time course of both AERP shortening and of recovery was similar between the 2 groups.
The intra-atrial CT from the RAA to the other 3 sites progressively increased during pacing, and the value after 4 weeks of pacing was significantly longer than the baseline in both groups (Fig 1) . After pacing was terminated, CT prolongation gradually recovered in the olmesartan group, but remained prolonged in the control group during the recovery period, and its value after 4 weeks of recovery was significantly longer than that in the olmesartan group. The dispersion of CT also significantly increased after 4 weeks of pacing in both groups (control group: from 8.2±1.0 to 13.1±0.8 ms, p<0.05; olmesartan group: from 8.1±0.9 to 11.6±0.6 ms, p<0.001, at BCL 300 ms). After 4 weeks of recovery, the value in the olmesartan group returned to the baseline (10.3±0.6 ms, NS vs baseline), but that in the control group did not (13.7±0.9 ms, p<0.01 vs baseline). At baseline, sustained AF (>900 s) was not induced in either the control or olmesartan group (control group: 38± 6 s; olmesartan group: 41±5 s) (Fig 1) . Rapid pacing caused a significant increase in the duration of AF compared with baseline in both groups (Fig 1) . None of the dogs showed spontaneous AF when the pacemaker was turned off. After 4 weeks of rapid pacing, sustained AF was easily induced in all dogs in both groups, and electrical cardioversion was performed in all of them. During the recovery period, sustained AF was still inducible in 6 of 10 dogs in the control group, but was not induced at all in the olmesartan group, and the mean duration of AF in the olmesartan group was significantly shorter than that in the control group (control group vs olmesartan group: 1,337±226 vs 58±20 s after 4 weeks of recovery, p<0.001) (Fig 1) .
Pathological Examination
There was no significant difference in the body weight or the heart weight/body weight index between the 2 groups after 4 weeks of recovery (Table 2 ). Pericardial inflammation, effusion, and hemorrhage were not observed in any dog. Representative histological sections from each group are shown in Fig 2. Upon gross inspection, atrial tissue from the sham dogs appeared normal. In contrast, atrial tissue from the control dogs showed a large amount of interstitial fibrosis distributed throughout the tissue. In addition, heterogeneity in the size and arrangement of atrial myocytes was found in these tissues. These pathological abnormal findings were attenuated in the olmesartan-treated dogs.
A quantitative analysis of fibrosis is shown in Fig 3. The percentage of fibrosis in all atrial regions in the olmesartan group was markedly lower than that in the control group (9±1% vs 15±1% at the RAA, p<0.001), but was greater than that in the sham group (9±1% vs 4±1% at the RAA, p<0.05).
Discussion
Main Findings
This study has demonstrated for the first time that blockade of angiotensin II has reverse-remodeling effects on the structural changes caused by long-lasting AF after conver- Fig 1. Time course of the atrial effective refractory period (AERP) of the right atrial appendage and intra-atrial conduction time (CT) from the right atrial appendage to the low right atrial wall at a basic cycle length of 300 ms, and the mean duration of induced atrial fibrillation (AF) in the control and olmesartan groups. The time course of AERP shortening and of recovery was similar between the 2 groups. The intra-atrial CT prolongation during rapid pacing was similar between the 2 groups. During the recovery period, the prolonged CT recovered in the olmesartan group, but not in the control group. The mean AF duration during rapid pacing was similar in the 2 groups, but that in the olmesartan group was significantly shorter than that in the control group during the recovery period. White circles and bars: control group; black circles and bars: olmesartan group. *p<0.001, § p<0.01 compared with the control group. sion to SR. The major findings of this study are as follows:
Control
(1) the degree and time course of both AERP shortening and AERP dispersion were similar between the 2 groups throughout the experiment, (2) intra-atrial CT and CT dispersion were significantly increased during pacing in both groups; however, although CT and CT dispersion remained increased after the termination of pacing in the control group, olmesartan recovered these values to the baseline, (3) the mean duration of AF in the olmesartan group was significantly shorter than that in the control group, and (4) olmesartan significantly reduced the percentage of interstitial fibrosis compared with the control group. These findings indicate that AF vulnerability and its maintenance may be accounted for by the conduction delay and heterogeneity caused by the structural remodeling that remained, even after the restoration of SR, and that the blockade of angiotensin II may suppress not only AF promotion by preventing structural remodeling, but also AF recurrence, by improving the arrhythmogenic substrate.
AF and Reverse-Remodeling
Previous instrumented animal experiments have shown that a shortened AERP and AF cycle length caused by longterm rapid atrial pacing (>3 weeks) completely returned to the baseline levels by 1-2 weeks after the restoration of SR. 3, 9 Everett et al 9 observed the time course of reverseremodeling during a follow-up period of 7-14 days after the termination of >8 weeks of rapid pacing in a canine model. They reported that despite complete reverse electrical remodeling, left atrial enlargement and cellular abnormalities remained after 7-14 days of SR. 9 In that study, the occurrence of spontaneous AF and the frequency of premature atrial contractions tended to decrease with reverse electrical remodeling; however, the vulnerability to easily induced AF persisted in the setting of complete reverse electrical remodeling and continued anatomic abnormalities, suggesting that continued atrial anatomic abnormalities in response to chronic AF is the dominant factor in the recurrence of AF, not electrical remodeling. 9 Furthermore, Ausma et al reported that recovery from structural remodeling after 4 months of AF was a slow process and several structural changes were still present after 4 months of SR, and that induced AF episodes still occurred. 11 In the present study, electrical remodeling and reverse electrical remodeling were similar to the results in those previous studies. Although AERP was completely normalized within 2 weeks of SR, atrial pathological abnormalities remained at 4 weeks after restoration to SR, and all animals in the control group had persisting vulnerability to AF induction. However, episodes of spontaneous AF and premature atrial contractions were not observed during 4 weeks of rapid pacing or during the recovery period, which might be because of the pacing duration, but based on the presence of AF vulnerability and structural abnormalities during a recovery period of 4 weeks after return to SR, 4 weeks of pacing was enough to evaluate the state of reverse-remodeling. In addition, progressive intra-atrial conduction delay occurred during pacing and continued for 4 weeks after the termination of pacing, which indicated that advanced structural changes, especially interstitial fibrosis, were not improved and remained for at least 4 weeks of observation. Therefore, it appears that persistent structural remodeling of the atria plays a critical role in maintaining conduction abnormality and AF vulnerability, and the reverse-remodeling of an arrhythmogenic substrate may be a therapeutic approach to suppressing recurrent AF after cardioversion.
AngII Blockade and AF Reverse-Remodeling
Recent clinical trials have reported that angiotensinconverting enzyme inhibitors (ACEI) and ARBs reduce the incidence of new-onset AF in patients with left ventricular dysfunction and congestive heart failure. [12] [13] [14] [15] [16] [17] Animal experimental studies have also demonstrated that these drugs help to prevent AF, 10 and several possible mechanisms of these beneficial effects have been suggested: improved hemodynamics, 10 reduced atrial stretching, 18 modulation of ion channel function, 19 and suppressed angiotensin II-induced atrial fibrosis. 10 However, in addition to this suppression of new-onset AF, the AFFIRM study demonstrated that ACEI treatment suppressed AF relapse in patients with congestive heart failure among patients who had been randomized to rhythm control. 20 Furthermore, previous clinical studies demonstrated that patients who had been treated with amiodarone plus ACEI or ARB had a lower rate of recurrence of AF than patients treated with amiodarone alone after electrical cardioversion in patients with persistent AF. 21 In addition, Zaman et al demonstrated abbreviated signal-averaged P-wave duration, reflecting improved atrial conduction abnormality, after successful electrical cardioversion in AF patients on long-term (6-12 months) ACEI therapy. 22 Based on these results, angiotensin II inhibition may help to facilitate the process of reverse AF-induced arrhythmogenic remodeling and the subsequent long-term maintenance of SR by suppressing AF relapse after the cardioversion of persistent AF. The previous clinical trials demonstrated that treatment with an ACEI or ARB had beneficial effects in AF patients with cardiac risk factors; [12] [13] [14] [15] [16] [17] 22, 23 however, the detailed mechanism of the effect of angiotensin II blockade on AF reverse-remodeling has not been clarified. In the present study, although the elevated atrial pressure was normalized in the both groups, sustained AF was still inducible only in the non-treated control group during the recovery period of 4 weeks, but was no longer inducible in the olmesartantreated group. Previously, it was reported that administration of losartan inhibited the stimulation of collagenase activity and reversed myocardial fibrosis in spontaneously hypertensive rats. 24 Furthermore, in a clinical study, the ARB, losartan, reversed myocardial fibrosis as the result of normalization of collagen type I metabolism in hypertensive patients. 25 Thus, the inhibitory effects of olmesartan on AF vulnerability may represent a direct action against the process of atrial reverse-remodeling, not a secondary effect caused by improved atrial stretch.
Study Limitations
Electrophysiological parameters were measured only in the right atrium, and therefore electrophysiological characteristics in other areas are still unknown. However, in previous experiments, the time course and magnitude of both electrical and structural remodeling were similar between the right and left atrium, 4, 5, [9] [10] [11] and in the present study olmesartan had equal reverse structural remodeling effects in both atria, indicating that melioration of conduction abnormalities might be observed in both atria in a parallel fashion.
Previous clinical studies have observed the presence of left ventricular diastolic dysfunction even in patients with isolated AF, and demonstrated reverse morphological remodeling of the left atrium and improvement of left ventricular diastolic and systolic functions after restoration of SR by ablation for isolated AF. 26 Moreover, Ausma et al have reported that the recovery of atrial mechanical function after the restoration of SR is a slow process and related to the duration of AF before cardioversion. 11, 27 In the present study, although we did not assess atrial and ventricular function with echocardiography, there was no significant change in the time course or magnitude of the hemodynamic parameters measured using a Swan-Ganz catheter between the 2 groups. Thus, it is possible that olmesartan might have the beneficial effects on cardiac systolic and diastolic functions.
Clinical Implications
It is well known that treatment with both ACEI and ARB is effective for reducing risk factors for AF and AF-related complications. [12] [13] [14] [15] [16] [17] 22 A recent mega-analysis demonstrated that treatment with ACEI or ARB had beneficial effects on the inhibition of both new-onset of AF and AF relapse after cardioversion in patients with risk factors for AF (eg, congestive heart failure, hypertension with left ventricular hypertrophy). [12] [13] [14] [15] [16] [17] 22 We previously reported that ARB prevents the structural remodeling that promotes AF in a canine model, and in the present study, we showed that ARB has the potential to reverse AF-induced structural remodeling and suppress AF recurrence after cardioversion. Thus, ARB may be a novel therapeutic approach to the prevention of AF recurrence after the termination of sustained AF in the clinical setting.
